Rett syndrome (RTT) is a severe neurological disorder that is associated with mutations in the methyl-CpG binding protein 2 (MECP2) gene. RTT patients suffer from mental retardation and behavioral disorders, including heightened anxiety and state-dependent breathing irregularities, such as hyperventilation and apnea. Many symptoms are recapitulated by the Mecp2-null male mice (Mecp2 Ϫ/y ). To characterize developmental progression of the respiratory phenotype and explore underlying mechanisms, we examined Mecp2 Ϫ/y and wild-type (WT) mice from presymptomatic periods to end-stage disease. We monitored breathing patterns of unrestrained mice during wake-sleep states and while altering stress levels using movement restraint or threatening odorant (trimethylthiazoline). Respiratory motor patterns generated by in situ working heart-brainstem preparations (WHBPs) were measured to assess function of brainstem respiratory networks isolated from suprapontine structures. Data revealed two general stages of respiratory dysfunction in Mecp2 Ϫ/y mice. At the early stage, respiratory abnormalities were limited to wakefulness, correlated with markers of stress (increased fecal deposition and blood corticosterone levels), and alleviated by antalarmin (corticotropin releasing hormone receptor 1 antagonist). Furthermore, the respiratory rhythm generated by WHBPs was similar in WT and Mecp2 Ϫ/y mice. During the later stage, respiratory abnormalities were evident during wakefulness and sleep. Also, WHBPs from Mecp2 Ϫ/y showed central apneas. We conclude that, at early disease stages, stress-related modulation from suprapontine structures is a significant factor in the Mecp2 Ϫ/y respiratory phenotype and that anxiolytics may be effective. At later stages, abnormalities of brainstem respiratory networks are a significant cause of irregular breathing patterns and central apneas.
Introduction
Rett syndrome (RTT) is a severe neurological disorder that is frequently (80 -90%) associated with mutations in the methylCpG binding protein 2 (MeCP2) gene (for review, see Neul and Zoghbi, 2004) . The conventional view that loss of MeCP2 during a critical developmental window causes irreversible changes in brain structure and cellular function has been significantly modified with a striking reversal of phenotype when Mecp2 expression is reactivated in an inducible transgenic mouse model Cobb et al., 2010; Guy et al., 2011; Lioy et al., 2011) . Patients with RTT appear normal at birth but progressively suffer from a number of behavioral disorders, including severe breathing irregularities that can be highly variable, both among affected individuals and within individuals, depending, for example, on the level of behavioral arousal. The fact that patients experience extended periods of normal breathing (e.g., during sleep) suggests that the basis for the respiratory dysfunction is not necessarily within respiratory rhythm generating centers per se. Rather, abnormal respiratory rhythm could be attributable to state-dependent, descending drive to brainstem respiratory networks. Here we test this hypothesis using male mice (Mecp2 Ϫ/y ) that lack the Mecp2 gene product and have clear, progressive respiratory dysfunction as part of their phenotype (for review, see Katz et al., 2009) . We focused on the relationship between anxiety levels and respiratory abnormalities because RTT patients have frequent episodes of heightened anxiety and an abnormal physiological response to stress (Sansom et al., 1993; Hagberg, 2002; Mount et al., 2002; Axelrod et al., 2006) . Mouse models of RTT similarly show increased anxiety-like behavior (Moretti and Zoghbi, 2006; Fyffe et al., 2008) and an altered stress hormone system (Nuber et al., 2005; Braun et al., 2012) .
We assessed central respiratory control mechanisms by examining individual mice and/or cohorts of mice over a wide development window that covered presymptomatic periods through to end-stage disease. Using whole-body plethysmography, we monitored breathing patterns as well as hypoxic and hypercapnic ventilatory responses in Mecp2 Ϫ/y and wild-type (WT) mice at different sleep-wake states while systematically altering the levels of stress-related signaling. Furthermore, we tested whether blockade of stress-related signaling could reverse respiratory instabilities and stabilize rhythm. In addition, we compared at different ages rhythmic respiratory activity generated by in situ preparations from WT and Mecp2 Ϫ/y mice to assess the function of brainstem respiratory networks when they are isolated from the influence of descending suprapontine inputs. Collectively, the data demonstrate that Mecp2 Ϫ/y mice experience two general stages of respiratory dysfunction through their lifespan. Stressrelated modulation of respiratory pattern from suprapontine structures accounts for a significant component of the respiratory phenotype during the early stage of the disease. In the later stage, the respiratory phenotype is dominated by the development of functional abnormalities within brainstem respiratory networks.
Materials and Methods
Animals. All experimental procedures were approved by the University of Alberta, Faculty of Medicine and Dentistry Animal Welfare Committee. Mecp2 heterozygous female (Mecp2 tm1-1Jae ) (Chen et al., 2001 ) and WT male mice were obtained from the Mouse Regional Resource Center (University of California Davis, Davis, CA), and a colony was established at the University of Alberta. B6.129 Mecp2 Ϫ/y and WT (Mecp2 ϩ/y ) mice from within the same litter were processed together for comparisons.
Plethysmographic measurements. Measurements from unrestrained mice were performed in whole-body, Plexiglas plethysmographs that had inflow and outflow ports for the continuous delivery of a steady flow (300 ml/min) of fresh air and removal of expired carbon dioxide. Custom made Plexiglas chambers of various sizes were used to accommodate animals. The large chamber had a volume of 260 ml, a diameter of 5 cm, and a length of 13 cm. The small chamber had a volume of 50 ml, a diameter of 3.5 cm, and a length of 6 cm. Recordings were made in the large chamber (in which mice could move freely) except when indicated. Plethysmographic recordings commenced ϳ20 min after placing the mice in the chamber. Pressure changes were detected with a pressure transducer (model DP 103; Validyne), signal conditioner (CD-15; Validyne), an analog-to-digital board (Digidata 1322A), and data acquisition (Axoscope) and analysis (Clampfit) software (Molecular Devices). It should be noted that our plethysmographic recording setup is effective for studying respiratory frequency ( f R ) and detection of apneas. However, it is not designed for precise quantification of tidal volume (V T ; milliliters per grams). The physical principle underlying whole-body plethysmography is the detection of pressure changes in the chamber resulting from the heating and humidification of inspired gas. However, tidal volume measurements may also be influenced by gas compression effects related to the airway resistance. Because of these limitations, our whole-body plethysmographic system only provided semiquantitative measurements of V T and detection of changes relative to control state. As a result, our measurements of minute ventilation (V E ; milliliters per minutes per grams), which equates to f R ϫ V T , are also semiquantitative and only reported relative to control. An apnea is defined as the absence of airflow for a period equivalent or greater than two complete respiratory cycles. The chemoreceptive responses (1 min after gas exchange) to changed O 2 or CO 2 were assessed by switching from room air to hypoxia (8% O 2 ) or hypercapnia (5% CO 2 ) with a flow rate of 3 L/min. Note that the flow of room air was first elevated to 3 L/min, animals were allowed to settle, and then the gas composition was changed without any change in airflow or any other noticeable event that was coincident with the gas switching. It took ϳ12 s for the new gas to equilibrate within the large chamber, as confirmed by measurements of oxygen content with Oxychek instrumentation (Critikon). Rectal temperature was measured before and after plethysmographic recordings (model 8402-10 thermistor; Cole-Parmer Instrument Company). Body temperature was maintained in both WT and Mecp2 Ϫ/y mice during the 1-2 h recording sessions without a significant change (Ͻ0.2°C, n ϭ 3 each).
Radio telemetry for monitoring sleep-wake states. Cerebral cortical electroencephalogram (EEG) and neck electromyogram (EMG) signals were measured by telemetry and used to identify and confirm the reliability of visual inspection of sleep-wake states in Mecp2 Ϫ/y and WT mice. Combinations of high-amplitude EMG activity and low-amplitude EEG indicated wakefulness. Quiet wakefulness was associated with irregular EEG, and active wakefulness (animals actively walking and turning within the chamber) was associated with regular theta rhythm EEG. Lower levels of EMG activity with regular theta (5-9 Hz) rhythm corresponded to rapid eye movement (REM) sleep. Lower levels of EMG activity with highamplitude delta (1-4 Hz) waves were classified as non-rapid eye movement (NREM) sleep (Steriade et al., 1993; Brankack et al., 2010) . With visual inspection only, one could not reliably differentiate REM from NREM sleep. Thus, we only visually separate the sleep from wake state. Mice were anesthetized with isoflurane (0.5-1% in 5% CO 2 -95% O 2 ) and instrumented with F20 radio telemetry probes (Data Sciences International) as described previously (Stephenson et al., 2001) . Briefly, midline incisions were made in the scalp and abdomen to expose the skull and peritoneal cavity, respectively. Body temperature was maintained at 37°C using a heating pad. The radio transmitter was inserted into the peritoneal cavity and loosely sutured to the rectus abdominus muscle. The electrode leads from the implant were tunneled from the peritoneal cavity and led subcutaneously to the head. The muscle and skin of the abdomen were closed. An EMG electrode was sutured to the neck muscle. A hole was drilled into the skull, and an EEG electrode was placed ϳ2 mm to the right and 2 mm anterior to bregma. Dental acrylic was used to anchor the electrodes to the skull. The mice were allowed to recover for at least 1 week before recordings were made. Animals were placed in the plethysmograph from where transmitted neck EMG and EEG signals were recorded continuously while monitoring respiration. Mice slept ϳ30% of the 1-2 h period per day in the plethysmograph (n ϭ 3 each for WT and Mecp2 Ϫ/y ). Measurement of stress-related behavior and serum corticosterone. Stressrelated behavior was monitored in conjunction with recordings of respiratory patterns. Indication of stress was monitored by the accepted criteria of counting fecal boli deposited in the first 10 min after a mouse is put into the plethysmographic chamber (Calvo-Torrent et al., 1999) . In addition, serum corticosterone measurements (collected between 12:00 P.M. and 2:00 P.M.) were obtained from WT and Mecp2 Ϫ/y after exposure to a stress-inducing protocol for 1 h. Specifically, corticosterone levels were obtained from four experimental groups: (1) in the home cage or large chamber (260 ml volume); (2) in the more restraining confines of the small recording chamber (50 ml volume); (3) exposure to 0.5 l trimethylthiazoline (TMT) (Phero Tech) (TMT is extracted from fox feces and is an experimental model proven to cause acute anxiety and increased corticosterone levels (Blanchard et al., 2003; Vendruscolo et al., 2006) in the large chamber; and (4) after the administration of the corticotropin releasing hormone receptor 1 (CRHR1) antagonist antalarmin (10 mg/kg, i.p.), animals were put back to the home cage for 20 min and then put into the large chamber or small chamber for 1 h. Antalarmin was dissolved in 100% DMSO at a concentration of 60 mg/ml and then diluted with saline to a 3 mg/ml solution for injection. Mice were killed by rapid decapitation, and the trunk blood was collected in prechilled tubes containing EDTA. The blood was centrifuged for 10 min, and serum was collected and frozen at Ϫ80°C until analyzed. Total serum corticosterone concentration was measured using ELISA kits as per the instructions of the manufacturer (Immunodiagnostics Systems). In each assay, duplicate wells were assigned for each sample. A microplate reader was used to measure signal intensity from the wells. A standard curve was generated using the KC Junor software (Bio-Tek).
In situ working heart-brainstem preparation. The in situ decerebrated working heart-brainstem preparation (WHBP) generates a robust respiratory discharge (Paton, 1996) and is well suited for analyzing basic respiratory rhythmogenesis in reduced adult rodents without modulatory state-dependent inputs from suprapontine structures. We followed our previously described protocol (Ren et al., 2006) . Briefly, mice were anesthetized with isoflurane, submerged in ice-cold oxygenated perfusate, decerebrated, and transected caudal to the diaphragm. The torso and brainstem were then transferred to a recording chamber, in which the descending aorta was cannulated with a double lumen cannula (one line to deliver perfusate, the second to monitor blood pressure) and perfused with saline [125 mM NaCl, 4 mM KCl, 1.25 mM MgSO 4 , 24 mM NaHCO 3 , 1.25 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 10 mM D-glucose, and 1.3% Ficoll (Sigma) bubbled with 95% O 2 -5% CO 2 at a flow rate of 15-22 ml/min] sufficient to generate and maintain arterial pressure at 60 mmHg (Ͻ8 min from initial submersion). Once perfusion was initiated and arterial pressure was stabilized, the preparation was gradually warmed to 30°C by heating the perfusate. The preparation was then allowed to stabilize for 1 h, during which time the left phrenic nerve was dissected to monitor inspiratory activity (frequency and burst amplitude). After the 1 h stabilization period, baseline respiratory output was recorded. Respiratory rhythm in WHBP was monitored from the phrenic nerve, which was placed over two platinum hook electrodes. Signals were amplified, rectified, low-pass filtered, and recorded to a computer, using an analog-todigital converter (Molecular Devices Digidata 1200) and data acquisition (Axoscope) and analysis (Clampfit) software.
Data analyses. Data are expressed as mean Ϯ SEM. The coefficient of variation of breathing frequency was calculated by dividing the SD by arithmetic mean of breathing frequency. The respiratory parameters were measured over a period of at least 5 min for both in vivo and WHBP except for the chemoreceptive experiments in which we analyzed the reflex response to hypoxia and hypercapnia for 1 min. For minute ventilation measurements, the values were reported as mean relative to WT control during quiet wakefulness. SigmaStat 3.5 (Systat Software) was used to perform statistical analyses. In intact animals and WHBP experiments, the significance of changes in the respiratory parameters, stress hormone corticosterone, fecal boli, and body weight were evaluated by a one-way ANOVA with Tukey's post hoc test (multiple groups) or t test (two groups). Statistical comparisons of data were performed only after verification of normality. The analysis of survival rates was made with the Kaplan-Meier log-rank test. Correlation of respiratory phenotype against measures of corticosterone was examined by Spearman's rank order test, with a correlation coefficient close to 1, and p Ͻ 0.001 indicating a strong positive correlation. p Ͻ 0.05 was taken to indicate a significant difference between means.
Results

Mecp2
Ϫ/y mice show progressive respiratory dysfunction in vivo We initiated the study by performing a longitudinal analysis of the respiratory pattern of individual mice. We observed that Mecp2 Ϫ/y mice express two stages of respiratory dysfunction. Figure 1A shows representative plethysmographic traces of WT mice during quiet wakefulness and sleep. The recording in Figure 1A is from a postnatal day 32 (P32) WT mouse. Respiratory patterns were similar among WT animals of similar ages (P32-P115). Recordings from Mecp2 Ϫ/y mice under similar conditions are shown in Figure 1B (all recordings in a large 260 ml chamber). In initial experiments, mice were instrumented for EEG recordings from the cerebral cortex and EMG from neck muscle in combination with whole-body plethysmographic recordings ( Fig. 1C ; n ϭ 3 each for WT and Mecp2 Ϫ/y mice) to verify that the subsequently used observational methods of demarcating sleep from wake state were reliable. All of the Mecp2 Ϫ/y mice studied showed a markedly abnormal breathing pattern by ϳ1-2 months of age. At the early stage, Mecp2 Ϫ/y mice had an unstable breathing pattern characterized by fast breathing interposed by decreased frequency of breathing and marked apneas during quiet wakefulness but not during sleep. Thus, in this study, we defined early stage of respiratory dysfunction as marked apneas during wakefulness but not during sleep. We did not analyze breathing patterns during gross body movements (i.e., walking or turning around within the chamber). Over time,
Ϫ/y mice began to display apneas during sleep as well as wakefulness. The onset and progress of respiratory dysfunction varied among the cohort of Mecp2 Ϫ/y mice examined. In the majority (9 of 13) of mice, the onset of apneas during wakefulness appeared at approximately P32. Sleep apneas started appearing 1-3 weeks later and became more frequent and longer lasting with age ( Fig. 1D shows apneas before death). Two Mecp2 Ϫ/y mice (of 13 animals tested) had clear wakefulness apnea by P26, sleep apnea from day P34, and died at P43 and P45. The remaining two Mecp2 Ϫ/y studied had marked wakefulness apnea from P46 to P50. All 13 Mecp2 Ϫ/y mice died at 6 -12 weeks of age. The population data showing age-dependent differences between Mecp2 Ϫ/y and WT mice in apneas per minute, respiratory frequency, coefficient of variation ( f ), and relative minute ventilation are shown in Figure 1E . Because of the fact that the onset of the respiratory phenotype varied between individual mice, the population data for age-dependent changes in respiratory parameters are normalized, with day 0 defined as the day immediately before the onset of marked apnea during wakefulness.
Altered chemoreceptive responses in Mecp2
Ϫ/y mice Chemoreceptive responses to altered levels of ambient O 2 and CO 2 were also examined via plethysmography. Note that our system allowed for rapid gas exchange (12 s), and we focused our measurements on the primary response (1 min duration after allowing 12 s for equilibration of gases) to hypoxia and hypercapnia. Representative traces from WT and Mecp2 Ϫ/y mice (during the early and late stages of respiratory dysfunction) in room air and after exposure to hypoxia (8% O 2 ) and hypercapnia (5% CO 2 ) are shown in Figure 2A (during quiet wakefulness). Population data showing frequency (relative to room air) and coefficient of frequency variation are shown in Figure 2B . There was a trend for an increased breathing frequency and coefficient of variation in response to hypoxia and hypercapnia in Mecp2 Ϫ/y (n ϭ 5) relative to WT (n ϭ 6) mice at early stages, but the differences were not statistically significant. However, by late stages of respiratory dysfunction, Mecp2 Ϫ/y mice had a significantly altered response to hypoxia (8% O 2 , n ϭ 5), as evident by significantly increased relative frequency (2.1 Ϯ 0.12, F (2,13) ϭ 12, p ϭ 0.001) and coefficient of variation of respiratory frequency (0.33 Ϯ 0.04, F (2,13) ϭ 4.7, p ϭ 0.02) compared with WT (relative frequency, 1.42 Ϯ 0.07; coefficient of variation of respiratory frequency, 0.18 Ϯ 0.02). Similarly, Mecp2 Ϫ/y mice had a significantly altered response to hypercapnia (5% CO 2 , n ϭ 5) as evident by significantly increased relative frequency (1.84 Ϯ 0.15, F (2,13) ϭ 6.8, p ϭ 0.012) and coefficient of variation of respiratory frequency (0.31 Ϯ 0.04, F (2,13) ϭ 9.3, p ϭ 0.003) compared with WT (relative frequency, 1.35 Ϯ 0.08; coefficient of variation of respiratory frequency, 0.14 Ϯ 0.02).
CRHR1-mediated, heightened anxiety and stress in
Mecp2
Ϫ/y mice Typically, the size of plethysmographic chambers is kept to a minimum when recording rodent respiratory patterns to maximize the signal-to-noise ratio. However, we noted that, compared with other mouse strains, many of the Mecp2 Ϫ/y mice showed excessive hyperventilation, followed by apneas when placed in the confining 50 ml chamber, suggesting heightened anxiety. This anxious, hyperventilatory-apneic behavior was markedly decreased when animals were placed in the larger 260 ml plethysmographic chamber. These observations in conjunction with past reports of heightened anxiety in Mecp2 Ϫ/y and Mecp2 308/y mice (Gemelli et al., 2006; Fyffe et al., 2008; Adachi et al., 2009 ) led us to investigate further the stress response and how it relates to respiratory dysfunction in the mouse model. First, we measured stress-related behavior (fecal bolus) in WT and Mecp2 Ϫ/y mice (early-stage respiratory phenotype) under the following conditions: basal conditions (in a large plethysmographic chamber); restraint stress (in a smaller plethysmographic chamber); stress induced by exposure to TMT in large chambers; and placement in large or small chambers 20 min after administration of the CRHR1 antagonist antalarmin (10 mg/kg, i.p.). Figure 3A shows the number of fecal boli counted in the first 10 min after a mouse was put in the chamber for plethysmographic recordings.
Ϫ/y mice (4.4 Ϯ 0.53/10 min, n ϭ 7, t (12) ϭ 3.4, p ϭ 0.006) deposited significantly more fecal boli than WT (2.3 Ϯ 0.36/10 min, n ϭ 7) in the large plethysmographic chamber. Within the smaller chamber, both WT (4.2 Ϯ 0.6/10 min, n ϭ 6, F (3,21) ϭ 6.5, p ϭ 0.02) and Mecp2 Ϫ/y (7.2 Ϯ 0.6/10 min, n ϭ 6, F (3,21) ϭ 15, p ϭ 0.005) mice significantly increased fecal boli deposition relative to the larger chamber. More fecal boli were observed in Mecp2 Ϫ/y relative to WT (t (10) ϭ 3.5, p ϭ 0.005) mice in the small chamber. Exposure to the TMT odor induced a similar significant increase in fecal bolus deposition in WT (4.0 Ϯ 0.37/10 min, n ϭ 6, F (3,21) ϭ 6.5, p ϭ 0.037) and Mecp2 Ϫ/y (6.2 Ϯ 0.48/10 min, n ϭ 6, t (11) ϭ mouse made during the final few minutes before terminal apnea. E, Population data showing the number of apneas per minute, respiratory frequency, coefficient of variation of respiratory frequency, and minute ventilation (relative to WT control during quiet wakefulness) at different ages and wake-sleep states. n ϭ 7-13 for each data point; ϩ p Ͻ 0.05, *p Ͻ 0.01, and # p Ͻ 0.001 compared with day 0 and between WT and Mecp2 Ϫ/y mice. Note that days plotted are normalized to start just before the onset of clear wakefulness apneas (the onset varied with age among the population of Mecp2 Ϫ/y mice studied; for details, see Results).
2.4, p ϭ 0.035) mice as the smaller chamber, with the effect on Mecp2 Ϫ/y mice being significantly greater than in WT mice (t (10) ϭ 3.6, p ϭ 0.005). In the final paradigm, WT and Mecp2 Ϫ/y were administered antalarmin (10 mg/kg, i.p.) before being placed in the large plethysmographic chamber (n ϭ 3) or small chamber (n ϭ 3). This had no effect on fecal boli deposition in WT mice in large chamber but decreased the fecal boli in small chamber (t (7) ϭ 2.4, p ϭ 0.049). However, antalarmin pretreatment decreased the fecal boli deposition by Mecp2 Ϫ/y mice in both large and small chambers to a level (2.5 Ϯ 0.43/10 min, n ϭ 6) comparable with WT mice in large chambers. Antalarmin data from large and small chambers were pooled together in counts of fecal boli because they were not significantly different.
The experimental protocols were repeated and the stressrelated hormone corticosterone in blood samples isolated from Mecp2 Ϫ/y and WT mice was measured 1 h after removing the animal from the plethysmograph chamber (population data shown in Fig. 3B ). Note that corticosterone data from animals placed in their home cage were pooled with data from animals placed in the large chamber (Fig. 3B, large) because there was no significant difference between them. These data (home cage and large chamber) pooled for the WT animals were used as the reference point (78 Ϯ 10 ng/ml, n ϭ 6) for all other experimental groups. The corticosterone levels of Mecp2 Ϫ/y mice taken from their home cages (n ϭ 3) or after spending 1 h in the large plethysmographic chamber (n ϭ 3) were significantly elevated (122 Ϯ 12 ng/ml, t (10) ϭ 2.9, p ϭ 0.017) relative to similarly treated WT mice. Corticosterone levels increased significantly in response to restraint stress in the small plethysmographic chamber (119 Ϯ 11 ng/ml, n ϭ 6, F (3,19) ϭ 6.4, p ϭ 0.046) or to TMT exposure (131 Ϯ 11 ng/ml, n ϭ 5, F (3,19) ϭ 6.4, p ϭ 0.012) in WT. Similarly, corticosterone levels increased significantly in response to restraint stress in the small plethysmographic chamber (176 Ϯ 19 ng/ml, n ϭ 6, t (10) ϭ 2.5, p ϭ 0.032) or to TMT exposure (208 Ϯ 16 ng/ml, n ϭ 5, F (3,19) ϭ 14, p ϭ 0.004) in Mecp2 Ϫ/y mice. The increase in the mutant mice was significantly greater than in WT mice in both the small (t (10) ϭ 2.7, p ϭ 0.023) or large (t (8) ϭ 4, p ϭ 0.004) chambers when exposed to TMT . Twenty minutes after administration of antalarmin, WT and Mecp2 Ϫ/y mice were placed in the large (n ϭ 3) or small (n ϭ 3) chamber for 1 h. This had no effect on blood corticosterone levels in WT mice in the large chamber but decreased the corticosterone concentration when placed in the small chamber (t (7) ϭ 2.4, p ϭ 0.049). However, antalarmin pretreatment decreased the corticosterone level in Mecp2 Ϫ/y mice in both large and small chambers to a level (84 Ϯ 12 ng/ml, n ϭ 6) comparable with WT mice in large chambers. Corticosterone data from animals placed in large and small chambers after antalarmin were pooled because they were not significantly different.
Stress-related respiratory dysfunction in Mecp2
Ϫ/y mice in vivo To correlate the respiratory phenotype with the analyses of stressrelated responses, we performed plethysmographic recordings from Mecp2 Ϫ/y and WT mice under basal conditions (in the large chamber), with restraint stress (in the small chamber), after exposure to TMT (0.5 l), and when animals were placed in large or small chambers after administration of the CRHR1 antagonist antalarmin (10 mg/kg, i.p.). As shown in representative plethysmographic recordings in Figure 4A , Mecp2 Ϫ/y mice with the early-stage respiratory phenotype had an unstable breathing pattern during wakefulness in the large plethysmographic chamber (n ϭ 6; apneas, 4.2 Ϯ 0.4/min, t (10) ϭ 5.1, p Ͻ 0.001; coefficient of frequency variation, 0.44 Ϯ 0.04, t (10) ϭ 3.4, p ϭ 0.007) com- pared with WT (n ϭ 6, apnea, 1.8 Ϯ 0.26/min; coefficient of frequency variation, 0.27 Ϯ 0.03). Even WT had irregular breathing pattern when placed in the small plethysmographic chamber (n ϭ 6; apnea, 3.9 Ϯ 0.38/min, F (3,19) ϭ 7.2, p ϭ 0.004; coefficient of frequency variation, 0.41 Ϯ 0.04, t (10) ϭ 3.1, p ϭ 0.011) or when exposed to TMT (n ϭ 5; apnea, 3.5 Ϯ 0.47/min, F (3,19) ϭ 7.2, p ϭ 0.027; coefficient of frequency variation, 0.43 Ϯ 0.05, F (3,19) ϭ 5.3, p ϭ 0.04). Similarly, these breathing pattern irregularities were accentuated when placed in the small plethysmographic chamber (n ϭ 6; apnea, 7.8 Ϯ 0.87/min, F (3,19) ϭ 12.5, p ϭ 0.018; coefficient of frequency variation, 0.64 Ϯ 0.05, F (3, 19) ϭ 11, p ϭ 0.048) or when exposed to TMT (n ϭ 5; apnea, 7.7 Ϯ 1.15/min, F (3,19) ϭ 12.5, p ϭ 0.019; coefficient of frequency variation, 0.68 Ϯ 0.06, F (3,19) ϭ 11, p ϭ 0.016) in Mecp2 Ϫ/y mice. The increase in these breathing pattern irregularities in mutant mice was significantly greater than in WT mice in both small (t (10) ϭ 3.9, p ϭ 0.003) and large (t (8) ϭ 3.4, p ϭ 0.009) chamber after exposure to TMT. Note that these data have implications for interpreting the degree of respiratory abnormalities in plethysmographic studies of RTT mouse models because the severity of the respiratory pattern disturbance will relate to amount of stress associated with the measurement apparatus. Administration of antalarmin to WT increased the regularity of respiratory pattern in the small chamber (apnea, 2.2 Ϯ 0.42/min, F (3,19) ϭ 7.2, p ϭ 0.021; coefficient of frequency variation, 0.27 Ϯ 0.04, t (10) ϭ 2.8, p ϭ 0.019), without a significant difference in the large chamber.
Administration of antalarmin to Mecp2
Ϫ/y increased the regularity of respiratory pattern (n ϭ 6; apnea, 2.4 Ϯ 0.45/min, F (3, 19) ϭ 12.5, p Ͻ 0.001 compared with the small chamber; t (10) ϭ 3, p ϭ 0.014 compared with big chamber; coefficient of frequency variation, 0.34 Ϯ 0.04, F (3, 19) ϭ 11, p ϭ 0.002 compared with small chamber). After antalarmin, there is no significant difference in the regularity of respiratory pattern (apnea, t (10) ϭ 0.4, p ϭ 0.69; coefficient of frequency variation, t (10) ϭ 1.2, p ϭ 0.25) between WT and Mecp2 Ϫ/y . Population data are shown in Figure 4B for the number of apneas and coefficient of variation of frequency of Mecp2 Ϫ/y mice during early-stage disease under the various experimental conditions. We then plot the severity of the respiratory phenotype (i.e., apneas per minute and coefficient of variation of frequency) against the measure of stress (blood corticosterone level) in Mecp2 Ϫ/y mice during early-stage disease as measured under the various stressinducing experimental conditions (n ϭ 20). The correlation coefficients were 0.87 and 0.83 for apneas per minute and the coefficient of variation of respiratory frequency, respectively ( Fig. 4C ; p Ͻ 0.001).
All data demonstrate that respiratory abnormalities correlate with the level of stress (as indicated by blood corticosterone levels). Figure 5A shows the irregular breathing pattern of a Mecp2 Ϫ/y mouse at later stages when there were clear apneas during sleep. Figure 5B shows population data for the number of apneas and coefficient of variability during quiet wakefulness and sleep in Mecp2 Ϫ/y mice with late-stage respiratory phenotype. Administration of antalarmin (10 mg/kg, i.p., n ϭ 5) partially decreased the number of apneas (F (2,16) ϭ 22, p ϭ 0.007) and the irregularity of breathing (F (2,16) ϭ 18, p ϭ 0.024) during wakefulness in Mecp2 Ϫ/y mice. In the presence of antalarmin, Mecp2 Ϫ/y mice (n ϭ 5) still had an irregular respiratory pattern (apnea, 3.9 Ϯ 0.88/ min, F (2,16) ϭ 22, p ϭ 0.048; coefficient of frequency variation, 0.45 Ϯ 0.07, F (2,16) ϭ 18, p ϭ 0.047) compared with WT (n ϭ 9; apnea, 1.7 Ϯ 0.21/min; coefficient of frequency variation, 0.27 Ϯ 0.023) mice during wakefulness. Furthermore, administration of antalarmin did not significantly decrease the number of apneas (F (2,16) ϭ 16, p ϭ 0.86) and the irregularity of breathing (F (2,16) ϭ 13, p ϭ 0.44) during sleep in Mecp2 Ϫ/y mice (n ϭ 5). We next tested whether chronic antalarmin treatment (single daily intraperitoneal injection of 10 mg/kg) for 20 d (starting at P32) could prolong the life of Mecp2 Ϫ/y mice. As shown in Figure  6A , there was a modest but significant increase ( p ϭ 0.018, Kaplan-Meier log-rank test) in the lifespan of the antalarmintreated Mecp2 Ϫ/y group to P75 Ϯ P4 (n ϭ 13) from P63 Ϯ P2 (n ϭ 25) in the untreated/vehicle-treated group. Antalarmin treatment had no significant effect on the weight loss that occurs with age in Mecp2 Ϫ/y mice (Fig. 6B ).
Mecp2
Ϫ/y mice show progressive respiratory dysfunction in situ Based on our observations that respiration was normal during sleep and that there was a clear correlation between the degree of respiratory instability and behavioral state (e.g., stress levels) in the early-stage Mecp2 Ϫ/y mice, we hypothesized that the respiratory dysfunction of Mecp2 Ϫ/y mice that occurs during the early stage of disease progression was not caused by an inherent problem with respiratory rhythmogenesis. To test this hypothesis, we examined the respiratory pattern generated by the reduced WHBP. The preparation generates a robust respiratory pattern without the influence of behavioral and state-dependent inputs from suprapontine brain structures. As shown in Figure 7 , A and B, WHBPs from WT (n ϭ 5) and early-stage Mecp2 Ϫ/y mice (n ϭ 4) generated regular respiratory patterns as recorded from the phrenic nerve. There was no difference (F (3,13) ϭ 7.3, p ϭ 0.89) in the number of apneas in Mecp2 Ϫ/y (0.96 Ϯ 0.22/min) and WT (0.67 Ϯ 0.16/min) mice. In contrast, there were more central apneas (F (3,13) ϭ 7.3, p ϭ 0.007 compared with WT, p ϭ 0.039 compared with early stage of Mecp2 Ϫ/y ) in WHBPs isolated from later-stage Mecp2 Ϫ/y mice (2.2 Ϯ 0.38/min, n ϭ 5), in which apneas occurred during both wakefulness and sleep in intact an- Ϫ/y mice (early stage). A, Number of fecal boli deposited within the first 10 min after mice were placed in large (n ϭ 7 each for WT and Mecp2 Ϫ/y groups) or small (n ϭ 6 each for WT and Mecp2 Ϫ/y groups) plethysmographic chambers, exposed to TMT (0.5 l; n ϭ 6 each for WT and Mecp2 Ϫ/y groups) or administered antalarmin before placement in large or small chambers (10 mg/kg, i.p., n ϭ 6 each for WT and Mecp2 Ϫ/y groups; among them, n ϭ 3 each for large and small chamber). B, Blood corticosterone levels after mice were taken from their home cages (n ϭ 3 each for WT and Mecp2 Ϫ/y groups), after 1 h in large (n ϭ 3 each for WT and Mecp2 Ϫ/y groups) or small (n ϭ 6 each for WT and Mecp2 Ϫ/y groups) plethysmographic chambers, exposed to TMT (0.5 l, n ϭ 5 each for WT and Mecp2 Ϫ/y groups) or administered antalarmin before placement in a chamber (10 mg/kg, i.p., n ϭ 6 each for WT and Mecp2 Ϫ/y groups; among them, n ϭ 3 each for large and small chamber). NS p Ն 0.05, ϩ p Ͻ 0.05, and *p Ͻ 0.01 between two groups.
imals (Fig. 7C) . The defects in central rhythmic activity in the WHBP were not affected by administration of antalarmin (1 mg/ 100 ml, n ϭ 3; apnea, 2.0 Ϯ 0.29/min, F (3,13) ϭ 7.3, p ϭ 0.99). (Fig. 7D) . Population data are shown in Figure 7E .
Discussion
This longitudinal study of Mecp2 Ϫ/y mice characterized disease progression in relation to respiratory behavior and demonstrated two general stages. In the early stage, abnormalities in respiratory pattern were limited to wakefulness, exacerbated by stressful stimuli, and alleviated by the CRHR1 antagonist antalarmin, as well as the removal of descending suprapontine inputs to brainstem respiratory networks. In the later stage, respiratory abnormalities were more severe, no longer state dependent, and manifest at the level of brainstem networks.
Early stage
Consistent with previous studies, the respiratory phenotype of Mecp2 Ϫ/y mice features a marked breathing dysfunction by 1-2 months of age (Viemari et al., 2005; Ogier et al., 2007; Stettner et al., 2007) . Central apneas occur initially only during wakefulness. Data from the WHBP were consistent with normal output from brainstem respiratory networks in the absence of suprapontine structures. There was a clear correlation between respiratory phenotype and the level of anxiety. Even under baseline conditions, Ϫ/y mice in response to stress. A, Representative whole-body plethysmographic recordings of Mecp2 Ϫ/y mice during wakefulness at early stage in the large chamber, the small chamber, during exposure to TMT (0.5 l, in the large chamber), or treatment with antalarmin (Anta; 10 mg/kg, i.p., in the small chamber at 40 min after drug administration). B, Population data showing apneas per minute and coefficient of variation of frequency for WT and early-stage Mecp Ϫ/y mice during quiet wakefulness in large (n ϭ 6 each) and small (n ϭ 6 each) plethysmographic chambers, exposure to TMT (in the large chamber, n ϭ 5 each) or administration of antalarmin before placement in the large (n ϭ 3 each) or small chamber (n ϭ 3 each).
NS p Ն 0.05, ϩ p Ͻ 0.05, and *p Ͻ 0.01 between two groups. C, Correlation between the severity of respiratory dysfunction (apneas minute, coefficient of variation of frequency) and measures of stress (blood corticosterone level) in Mecp2 Ϫ/y mice. Data from large chamber (n ϭ 3), small chamber (n ϭ 6), TMT exposure (in large chamber, n ϭ 5), and antalarmin treatment (in large and small chamber, n ϭ 3 each) pooled together for analysis. Correlation coefficient was 0.87 and 0.83 for apneas per minute and coefficient of variation of respiratory frequency against blood corticosterone level, respectively, with p Ͻ 0.001.
Mecp2
Ϫ/y mice had elevated corticosterone levels and stressrelated behavior relative to WT mice. The differences were accentuated with the additional stressors of confinement or exposure to a threatening predator-related odor. Involvement in CRHR1 signaling was evident by the reduction of corticosterone release, stress-related behavior, and respiratory phenotype with administration of antalarmin. These data are consistent with previous reports of heightened anxiety in RTT mouse models (Gemelli et al., 2006; Fyffe et al., 2008; Adachi et al., 2009) . Inputs from the amygdala, an origin of major CRH-containing pathways to the brainstem and hypothalamus, and the bed nucleus of the stria terminalis are candidates for providing stress-related modulation of respiration (Swanson et al., 1983; Sakanaka et al., 1986; Gray and Bingaman, 1996; Pitkänen et al., 1997; Chen et al., 2000) . This is supported by the markedly enhanced stress levels in mice with targeted Mecp2 deletions within those regions (Fyffe et al., 2008; Adachi et al., 2009) .
Similar to antalarmin, several pharmacological interventions reduce respiratory phenotype of RTT mouse models. These include the norepinephrine transporter inhibitor desipramine Zanella et al., 2008) , benzodiazepines midazolam and diazepam (Voituron and Hilaire, 2011; Abdalaetal.,2010) (Abdala et al., 2010) . It is noteworthy that these agents also have sedative, hypnotic, and/or anxiolytic properties (Brady et al., 1991; De Vry et al., 1993; Dalvi and Rodgers, 1996; Centeno and Volosin, 1997; Rudolph et al., 1999; Santibañez et al., 2006) . Thus, it is likely a combination of anxiolytic effects and specific targeting of abnormal neurotransmitter signaling at respiratory nuclei that account for the beneficial effects. Ϫ/y mice with age after treatment with vehicle (5% DMSO in saline) and antalarmin (10 mg/kg, i.p., daily starting at P32). B, Body weight of WT (n ϭ 7), Mecp2 Ϫ/y mice at P39 and P52 after treatment with vehicle (n ϭ 5) and after treatment of antalarmin (n ϭ 6).
NS p Ն 0.05, ϩ p Ͻ 0.05, *p Ͻ 0.01, and # p Ͻ 0.001 between two groups. Ϫ/y mice well before any signs of apneas or irregular breathing (Viemari et al., 2005) . This interpretation is based on recordings of thick medullary slice preparations with undefined rostrocaudal boundaries isolated from P14 -P21 Mecp2 Ϫ/y mice that generate rhythmic bursting in vitro. In vivo, none of the mice from which the medullary slices were isolated demonstrated a respiratory phenotype. Also, there were no statistically significant differences in the number of apneas, frequency, amplitude, or duration of rhythmic motor bursting between Mecp2 Ϫ/y and WT in vitro preparations. The only significant difference reported was a greater variability of inspiratory frequency in Mecp2 Ϫ/y slices, which was interpreted as suggesting an early onset respiratory instability.
We propose that a number of factors working in concert with the abnormal stress-related network contribute to the late-stage respiratory phenotype in the mouse model. There are progressive perturbations of multiple neurotransmitter systems in RTT patients and mouse models, including acetylcholine, dopamine, serotonin, glutamate, GABA, and substance P, all of which regulate respiratory rhythmogenesis (for review, see Katz et al., 2009; Roux and Villard, 2010) . Surprisingly, deletion of Mecp2 from the majority of a specific class of aminergic neurons does not produce a profound respiratory phenotype or early lethality (Samaco et al., 2008) , as proposed from previous studies (Viemari et al., 2005) . More likely, the respiratory phenotype results from a combination of multiple neuromodulatory deficits and a wide range of structural and functional changes at multiple levels of brain organization (for review, see Neul and Zoghbi, 2004; Chahrour and Zoghbi, 2007; Weng et al., 2011) . This includes reduced brain size and weight and changes in neuronal density and morphology, including reduced dendritic branching, axonal fasciculation, Ϫ/y mice at early and late stages. Integrated (͐) and raw phrenic (Phr) nerve recordings from a P59 WT male (Mecp2 ϩ/y ) (A), P36 Mecp2 Ϫ/y (early-stage) (B), P44 Mecp2 Ϫ/y (late stage) (C), and same WHBP preparation (D) from after application of CRHR1 antagonist antalarmin (1 mg/100 ml) (C) . E, Population data showing the numbers of apneas per minute. n ϭ 5, 4, 5, and 3 for WT, early-stage Mecp2 Ϫ/y , later-stage Mecp2 Ϫ/y before antalarmin, and later-stage Mecp2 Ϫ/y in the presence of antalarmin, respectively. NS p Ն 0.05, ϩ p Ͻ 0.05, and *p Ͻ 0.01 between the two groups.
and changes in spine density and morphology. Functionally, there are alterations in neuronal firing properties, synaptic signaling, frequency, and amplitude of synaptic events and basal inhibitory and excitatory synaptic transmission. Deficits in the expression of brain-derived neurotrophic factor in RTT is likely one of the key factors associated with abnormalities in neuronal survival and function, including in key brainstem respiratory nuclei Mironov et al., 2009; Kline et al., 2010; Schmid et al., 2012) . Furthermore, loss of Mecp2 expression in astrocytes and microglia appears to play a significant role in the progression of RTT and, of particular relevance, the development of the respiratory and anxiety phenotypes (Maezawa and Jin, 2010; Lioy et al., 2011; Derecki et al., 2012) .
Correlation with RTT patient data
Females with an MeCP2 mutation are typically mosaic, with approximately half of the cells randomly expressing the mutant allele. The heterogeneity of the deletion likely explains the spectrum of breathing abnormalities in RTT patients, which includes periods of slow-deep breathing, hyperventilation, central apnea, breath-holding, and Valsalva and Cheynes-Stokes breathing (Julu et al., 2001; . The male mouse model with the uniform deletion expresses only a subset of these patterns. With regards to the occurrence of apnea during sleep versus wakefulness, many RTT clinical studies (Lugaresi et al., 1985; Marcus et al., 1994; Julu et al., 2001 ) report regular breathing during sleep states, similar to what we observe during earlystage disease in the mouse model. However, there are reports of abnormal respiratory rhythms during sleep in a subset of patients (Rohdin et al., 2007; d'Orsi et al., 2009 ) that correlate with the later stages of Mecp2 Ϫ/y mouse respiratory phenotype. There are also data showing that breathing irregularities emerge during sleep as patient's age (Schlüter et al., 1995) .
Heightened anxiety is reported to occur significantly more frequently in RTT than in other forms of mental retardation (Sansom et al., 1993; Mount et al., 2002) . We show a clear correlation between the level of anxiety and the breathing instability in the early stage of the mouse respiratory phenotype. Furthermore, anxiolytic agents normalize respiratory pattern in Mecp2 mouse models. This suggests a potential pharmacological intervention in those patients who have clear elevated anxiety and a respiratory phenotype primarily during wakefulness. A recent human study demonstrated that administration of a well-tolerated CRHR1 antagonist diminished anxiety evoked by 7.5% CO 2 exposure (Bailey et al., 2011) . The administration of anxiolytics that also act on neuromodulatory systems that are affected in RTT could be advantageous. The challenge is that, because of the mosaic nature of the disorder and potential for age-dependent changes within an individual patient, the specific neuromodulatory imbalances will vary. Longitudinal studies of respiratory patterns during wakesleep states and reflex responses to hypoxia would differentiate between a stable respiratory phenotype and a progressive one attributable to the development of neuronal-glial abnormalities within medullary respiratory nuclei. In addition, there may be a cohort of RTT patients with a particular mosaic of neuronal defects that leads to a central medullary respiratory defect at an early age that cannot be treated effectively with anxiolytics. It will be of interest to incorporate these concepts into future clinical studies of the respiratory phenotype and the strategic development of effective pharmacological therapies.
